Bone stress injuries encompass a spectrum that ranges from lower grade stress reactions to complete stress fractures. They are a common cause of missed training and competition among athletes. Bone stress injuries develop when bone is unable to withstand the repetitive subthreshold mechanical stresses applied to it, such as with endurance running. The etiology of bone stress injuries in athletes is complex and multifaceted. Primary variables that influence bone's response to loading and, thus, susceptibility to fracture include gait mechanics, training volume and intensity, bone density, and bone quality.^[@bibr6-1941738111429929]^ Bone density and bone quality are determined by long-term effects of genetics, diet, endocrine status, and exercise history.^[@bibr6-1941738111429929]^ Bone metabolism---influenced by short-term effects of nutrient status, energy availability, and endocrine factors---may additionally affect bone's ability to repair exercise-induced microdamage.^[@bibr8-1941738111429929],[@bibr13-1941738111429929],[@bibr15-1941738111429929],[@bibr16-1941738111429929],[@bibr35-1941738111429929]^

Epidemiologic studies report a higher rate of bone stress injury among endurance runners compared with athletes in ball or power sports.^[@bibr7-1941738111429929],[@bibr19-1941738111429929],[@bibr25-1941738111429929],[@bibr28-1941738111429929],[@bibr33-1941738111429929]^ This higher risk may be due in part to the repetitive unidirectional loading nature of long-distance running, which continuously stresses certain skeletal sites. Runners' higher rates of bone injury may also be related to their increased prevalence of the *female athlete triad*,^[@bibr2-1941738111429929],[@bibr3-1941738111429929],[@bibr5-1941738111429929],[@bibr29-1941738111429929],[@bibr34-1941738111429929]^ which exists along a spectrum of low energy availability, amenorrhea, and osteoporosis.^[@bibr29-1941738111429929]^ Low energy availability develops when dietary energy intake is not sufficient to replenish exercise energy expenditure. This may occur intentionally or unintentionally. It leads to multiple hormonal adaptations that negatively affect the menstrual cycle and bone metabolism.^[@bibr29-1941738111429929]^ Low energy availability may also limit postexercise repair of bone microdamage.^[@bibr6-1941738111429929],[@bibr16-1941738111429929]^ Increasing energy intake and/or reducing energy expenditure should be the focus of treatment for athletes presenting with functional hypothalamic amenorrhea resulting from persistent low energy availability.^[@bibr29-1941738111429929]^

During the early- to mid-adolescent years, processes that promote bone mineralization reach a lifetime peak.^[@bibr14-1941738111429929]^ By age 16.9 ± 1.3 years, adolescents have established approximately 90% of their adult bone mineral content.^[@bibr36-1941738111429929]^ Behaviors that influence the accrual and microstructural integrity of bone during adolescence may affect lifetime fracture risk. It is important to recognize the risk factors that can lead to poor bone health and bone stress injury in this population of athletes.

Case Report {#section1-1941738111429929}
===========

A 15-year-old female cross-country runner presented with a history of 4 weeks of progressively worsening left anterior hip and groin pain. Initially, her pain occurred only upon initiation of running. Over the next 3 weeks, the patient's pain intensified and was persistent throughout the run. In the week leading up to the acute injury, the patient's pain was constant and caused her to limp. On the day of a cross-country race, she was having significant pain but was encouraged by her coach to run through the pain. Upon sprinting 20 ft (6 m) from the finish of the race, she heard a loud crack and fell to the ground in pain. As she and her parents were unaware of the severity of her injury, she saw her pediatrician approximately 24 hours after the injury, who immediately referred her to an orthopaedic surgeon for a displaced femoral neck fracture ([Figure 1](#fig1-1941738111429929){ref-type="fig"}). She was unable to bear weight, and she had severe pain with any motion of the left hip. She underwent an open reduction internal fixation of the fracture with 3 partially threaded titanium screws (7 mm; [Figure 2](#fig2-1941738111429929){ref-type="fig"}). She was kept nonweightbearing for 8 weeks and partial weightbearing for 4 weeks. For 7 months postinjury, she used a single crutch because of left hip pain and fatigue with long distances. She was in physical therapy and was referred to the osteoporosis center 5 months after surgery for evaluation and treatment of her risk factors and delayed healing.

![Radiograph of pelvis after injury.](10.1177_1941738111429929-fig1){#fig1-1941738111429929}

![Radiograph of left hip at 6 months.](10.1177_1941738111429929-fig2){#fig2-1941738111429929}

This adolescent had started running for her high school cross-country team approximately 15 months before her injury. She trained year-round and had taken only 2 weeks off. In the weeks leading up to her injury, she was running approximately 20 to 30 miles per week in 2-month-old shoes and had not changed her mileage, terrain, or intensity. In the past, the patient had been diagnosed with medial tibial stress syndrome and a right hip flexor strain but had no history of fracture or previous bone stress injury.

After menarche at age 12 years, she experienced a few menstrual cycles approximately 8 months apart with no menses in the past 2 years. This is consistent with secondary functional hypothalamic amenorrhea (abnormal hypothalamic-pituitary-gonadal axis function due to low energy availability).^[@bibr29-1941738111429929]^ One year before her injury, she lost 15 pounds due to restrictive eating and was diagnosed with an eating disorder not otherwise specified. She denied purging behaviors, diet pill or laxative use, or excessive exercise for weight loss purposes. She was seeing a dietitian weekly for 1 year before her injury. There was a family history of osteoporosis in a maternal aunt, maternal grandmother, and maternal grandfather without a history of fracture. At the time of the fracture, she was not taking calcium or vitamin D supplements.

At the osteoporosis center, her height was 5 feet 7 inches (1.7 m); weight, 124 lb (56 kg), and body mass index was 19. There were no physical stigmata of anorexia or bulimia nervosa. [Table 1](#table1-1941738111429929){ref-type="table"} shows results from laboratory tests and a DXA (dual-energy x-ray absorptiometry) scan 5 months from her injury. Seven months after her injury, testing revealed a lower estradiol of 12.7 (normal, 19-528). Her DXA bone mineral density (BMD) Z-scores were normal for her age ([Table 1](#table1-1941738111429929){ref-type="table"}; normal Z-scores are greater than −1.0 per American College of Sports Medicine definitions).^[@bibr29-1941738111429929]^

###### 

Patient's diagnostic tests postinjury.^[*a*](#table-fn1-1941738111429929){ref-type="table-fn"}^

  Diagnostic Test                         Result   Normal Range
  --------------------------------------- -------- --------------
  Laboratory                                       
   Estradiol, pg/mL                       47       19-528
   Follicle-stimulating hormone, mIU/mL   6.0      1.4-18.1
   Luteinizing hormone, mIU/mL            6.8      0.5-9.0
   Calcium, mg/dL                         10.4     8.9-10.4
   Parathyroid hormone, pg/mL             21       15-65
   Thyroid-stimulating hormone, µIU/mL    1.48     0.530-3.590
   Vitamin D, 25-OH, ng/mL                40.6     32.0-100.0
   Prolactin, ng/mL                       7.1      3.0-14.4
   Dehydroepiandrosterone, ng/dL          897      162-995
   24-hour urine calcium, mg per 24 h     204.8    100.0-300.0
   Anti-gliadin antibody IgG, U/mL        0.9      0.0-10.0
   Anti-gliadin antibody IgA, U/mL        1.5      0.0-10.0
  DXA scan, Z-scores                               
   Lumbar spine                           −0.4     
   Total hip                              0.0      
   Femoral neck                           0.4      

All tests were done at 5 months postinjury, except the calcium, which was done at 9 months.

Treatment focused on improving the patient's energy availability to resume menstrual function and optimize healing potential. After further weight loss, she was advised to gain weight to a level ≥ 90% of her ideal body weight through dietary changes and modification of exercise. She was referred to a psychologist specializing in eating disorders. Bone-building nutrients including calcium (1200-1500 mg per day) and vitamin D3 (1000-2000 IU per day) were recommended through diet and supplements.

At 6 months, concern for nonunion on radiographs ([Figure 2](#fig2-1941738111429929){ref-type="fig"}) prompted magnetic resonance imaging, which showed no evidence of avascular necrosis of the femoral head ([Figure 3](#fig3-1941738111429929){ref-type="fig"}). At 7 months, she was pain-free with walking and low-impact activities. There was evidence of delayed healing on radiographs at 8 months, prompting use of an external bone stimulator for 30 minutes daily. Improving her energy availability was emphasized through increased caloric consumption and bone-building nutrients along with physical activity adjustments. She was still amenorrheic 1 year out from her injury and failed a progesterone challenge test, suggesting that she still had functional hypothalamic amenorrhea. Radiographs at 12 months showed some improvement in fracture healing ([Figure 4](#fig4-1941738111429929){ref-type="fig"}).

![Magnetic resonance imaging of left hip at 6 months.](10.1177_1941738111429929-fig3){#fig3-1941738111429929}

![Radiograph of left hip at 12 months.](10.1177_1941738111429929-fig4){#fig4-1941738111429929}

Discussion {#section2-1941738111429929}
==========

This patient exhibited signs and symptoms of the female athlete triad, characterized by low energy availability, functional hypothalamic amenorrhea, and poor bone health.^[@bibr29-1941738111429929]^ Though her BMD values were within the normal range for her chronologic age, she clearly had poor-quality bone. Chronic low energy availability---through disruption of gonadotropin-releasing hormone pulsatility and a subsequent decrease in luteinizing hormone, follicle-stimulating hormone, and estradiol---leads to the reversible suppression of menstrual function known as functional hypothalamic amenorrhea.^[@bibr16-1941738111429929],[@bibr23-1941738111429929],[@bibr24-1941738111429929]^ Therefore, the target of treatment for her menstrual dysfunction was to improve her energy status through diet and exercise modifications.

Previous research studies indicate that, in addition to menstrual dysfunction, chronic energy deficiency leads to hypothalamic and pituitary hormonal disturbances that negatively affect bone metabolism.^[@bibr8-1941738111429929],[@bibr15-1941738111429929],[@bibr16-1941738111429929]^ In a study of regularly menstruating young women, dietary intake and exercise expenditure were controlled for 5 days, yielding either balanced or varying levels of restricted energy availability.^[@bibr16-1941738111429929]^ A dose-related reduction in biomarkers of bone formation was found with energy restriction.^[@bibr16-1941738111429929]^ Bone resorption was increased with more extreme energy restriction.^[@bibr16-1941738111429929]^

Low energy availability that decreases bone formation and increases bone resorption may limit repair of exercise-induced microdamage to bone. Low energy availability is associated with disrupted bone metabolic hormones,^[@bibr4-1941738111429929]^ and it reduces bone mass,^[@bibr9-1941738111429929]^ which increases fracture risk.^[@bibr7-1941738111429929],[@bibr27-1941738111429929]^ Therefore, the antiosteogenic effects of low energy availability combined with the high loading exposure of competitive running may have increased this athlete's fracture risk. Her femoral neck and lumbar spine BMD Z-score were within the normal range for her age. There is a significant association between BMD and fracture risk in postmenopausal women. Consequently, DXA measurement of bone density is the primary clinical tool for assessing bone strength in this group.^[@bibr17-1941738111429929],[@bibr32-1941738111429929]^ However, quantitative bone mass and qualitative indicators of bone quality determine bone's strength and resistance to fracture.^[@bibr21-1941738111429929],[@bibr22-1941738111429929]^ Fracture prediction incorporates both measurements of bone mass or density in combination with a clinically significant fracture history.^[@bibr31-1941738111429929],[@bibr32-1941738111429929]^ This case suggests that BMD alone may not be adequate in assessing fracture risk in adolescents, since a normal BMD z-scores may not necessarily rule out the risk of a bone stress injury.

Persistent low energy availability can reduce muscle mass and glycogen stores and increase muscle fatigue.^[@bibr6-1941738111429929]^ Repetitive loading from running without muscle strength to adequately absorb forces could increase bone microdamage without allowing time for repair.^[@bibr6-1941738111429929]^ Low energy intake with inadequate bone-building micronutrients may have contributed to the fracture.^[@bibr14-1941738111429929],[@bibr36-1941738111429929]^ Failing to augment her energy status and resume normal menstruation may have affected her fracture healing potential, since she had not fully recovered 12 months postinjury.

Oral contraceptive or bisphosphonate therapies were not used as treatments in this case. While oral contraceptives increase estrogen levels, research does not support their effectiveness in improving bone mass among adolescent athletes with low energy availability who do not improve their energy status.^[@bibr11-1941738111429929],[@bibr20-1941738111429929],[@bibr26-1941738111429929]^ Bisphosphonates have been shown to prevent reductions in bone mass and improve fracture risk in postmenopausal women. However, because of potential teratogenic effects, even years after discontinuing use, bisphosphonates are not routinely used in female adolescents and women of childbearing age.^[@bibr1-1941738111429929]^

Complete displaced femoral neck stress fractures are rare, though devastating.^[@bibr12-1941738111429929],[@bibr30-1941738111429929]^ Femoral neck stress fractures are compression sided (medial), tension sided (lateral), or displaced (12%).^[@bibr10-1941738111429929]^ Displaced femoral neck stress fractures lead to a 60% reduction in patient activity in sports and a 30% incidence of avascular necrosis.^[@bibr18-1941738111429929]^ Factors that increase the risk of complications include time between fracture and surgery, reduction alignment, and type of fixation.^[@bibr18-1941738111429929]^

This patient presented with a significant injury that could have been prevented. The long-term consequences of the injury in this case are not known but will likely carry significant implications. The underlying issues that contributed to her injury are not completely resolved. This case emphasizes the importance of knowing the risk factors for femoral neck stress fractures and the serious negative consequences of the female athlete triad with need for continued education of athletes, coaches, health care providers, and the general community.
